Abstract -The ability of ruminant mammary glands to produce milk is determined by the number of cells secreting milk and their level of activity. Changes in the number of cells in the udder occur during lactation. It has been shown that mammary cells proliferate during this process, while other cells die through apoptosis. The decline in milk production after peak lactation appears to be due to a gradual reduction in the number of milk-secreting cells, either through cell death or by the abrasion of epithelial cells during milk ejection. Other factors are also known to modify cell turnover in the udder, such as reproductive status, growth hormone treatment or milking frequency and nutrition. A description of the effects of husbandry practices makes it possible to envisage different processes for mammary tissue regeneration during lactation. Indeed, changes in milking frequency are capable of modifying the number of epithelial cells in an alveolus, while GH treatment acts on the total number of alveoli. Thus recent studies have demonstrated an heterogeneity of the processes of proliferation and cell death within the mammary gland. However, unanswered questions still remain concerning the presence of stem cells in ruminants, the lifespan of mammary epithelial cells or the relative rate of loss of mammary cells due to apoptosis and epithelial abrasion. ruminant / milk production / mammary gland / mammary cells / proliferation / apoptosis
INTRODUCTION
The mammary gland is made up of a tubulo-alveolar epithelium. Even though this epithelium comprises different types of accessory cells, such as adipocytes, fibroblasts, myoepithelial cells and endothelial cells, it is mainly composed of epithelial cells organised into alveoli. Milk is synthesised within these epithelial cells. It is then secreted into the alveolar lumen and transported via a network of ducts towards the gland cistern. A mammary gland's ability to produce milk is determined by the number of secreting cells and their level of activity. The mammary gland is an organ whose secreting tissue develops as a function of gestation-lactation cycles. Variations in the number of mammary cells mainly occur during gestation, but also during lactation. Changes in cell number during lactation may be responsible for variations in milk yield. Indeed, the decline in milk production following peak lactation appears to be due to a gradual reduction in the number of milk-secreting cells. Furthermore, changes in cell activity may be involved in variations in milk yield, as a function of milking frequency. However, the phenomena involved in changes in the number and activity of mammary cells are not yet fully understood. It seems necessary to take stock of the knowledge available on how changes occur to the number and activity of mammary cells. The current challenge is thus to better understand the mechanisms controlling cell turnover in the mammary gland, since this determines the quantity of secreting tissue for the production of milk, as well as evaluating the activity of this tissue. However, it is also interesting to define the effects of husbandry practices on these parameters, in order to determine the point at which such practices have irreversible effects on milk production. This review will mainly present data concerning ruminants, although in order to describe novel processes, studies involving other species are also reported.
THE NUMBER AND ACTIVITY OF MAMMARY EPITHELIAL CELLS VARY

Importance of the mammary gland size
For many years, a positive relationship was demonstrated between mammary gland size and milk yield [1] . More recently, a study showed that cows of high genetic merit produced 1.3 times more milk than cows of low genetic merit with 1.3 times more mammary tissue [2] . Rather than udder size, it appears that the "number of mammary cells" is a better determinant factor for milk production. Indeed, it has been shown in the female rat that milk production is better correlated with the number of mammary cells than with mammary gland size [3] .
Changes in mammary cell number during lactation
Acquisition of a production potential at the onset of lactation
It has long been accepted that in ruminants, after the development of finished tissue prior to parturition, the acquisition of a milk synthesis potential expressed at peak lactation is largely due to an increase in cellular activity. However, mammary growth can occur at the beginning of lactation in some ruminants. Indeed, it has been shown in the goat and cow that the number of mammary cells, estimated by the total quantity of DNA in the udder, rises markedly between the final days of gestation and the first days of lactation ( [4] , Tab. I), although this is not the case in the ewe ( [5] , Tab. I). The increase in DNA levels continues during the first weeks of lactation ( [6] , Tab. I). However, these results are controversial ( [7] , Tab. I). The acquisition of milk production potential in the udder at the onset of lactation is characterised in particular by a very marked elevation of total RNA levels in the udder. This mainly occurs during the first days of lactation (( [5, 7] , Tab. II) and may continue over the first weeks ( [6] , Tab. II. Thus the RNA/DNA ratio increases very Table I . Total DNA in the mammary gland of several ruminant species before parturition and during early lactation. L-i = day i before lactation; Lj = lactation day j; Lweek k = lactation week k. markedly between the final days of gestation and the early days of lactation ( [5, 7] , Tab. III). This phase allows the organisation of the cell machinery necessary for milk synthesis. It corresponds to the initiation of the massive synthesis of RNA for mammary enzymes specialised in the synthesis of milk components, and of RNA for milk-specific proteins. One study enabled the characterisation of mammary cell activity in the goat udder during lactation. By performing repeated biopsies at the onset of lactation, Knight and Peaker [6] were able to measure the cellular activity of certain enzymes in the gland. When they extrapolated the biopsy data to the entire gland, these authors demonstrated that the increase in milk production at the onset of lactation resulted first of all from an increase in DNA levels, followed by an increase in the enzymatic activity of key enzymes implicated in milk synthesis, such as ACC, FAS and galactosyl transferase (GT). Measurements of lactose and protein synthesis in vitro provided confirmation of the increased activity of mammary epithelial cells at the beginning of lactation [8] .
Changes in the number of mammary cells after peak lactation
After peak lactation, milk production then gradually declines. This decline is probably due to a gradual reduction in the number of milk-secretory cells. In the cow, between the 90th and 240th days of lactation, it was found that milk production decreased by 23%, and in parallel the quantity of total DNA (and that of epithelial cells) decreased by 17% [9] . In the goat, milk production and levels of total DNA decreased by 20% and 19%, respectively, between the 8th and 36th weeks of lactation, while enzyme activities remained at a constant level [6] . The reduction in mammary cell number is the principal process responsible for falling milk yields during the decline of the lactation curve. More precisely, it appears that this decrease particularly affects the number of epithelial cells. Indeed, these cells account for 79% of mammary tissues at 90 days of lactation, but only 73% after 240 days [10] . Table II . Total RNA in the mammary gland of several ruminant species before parturition and during early lactation. L-i = day i before lactation; Lj = lactation day j; Lweek k = lactation week k. Table III . RNA/DNA ration in the mammary gland of several ruminant species before parturition and during early lactation. L-i = day i before lactation; Lj = lactation day j; Lweek k = lactation week k. 
Mammary cell turnover
Proliferation of mammary epithelial cells during lactation
Changes in the number of cells in the mammary gland during lactation are due to modifications to proliferation and cell death in this organ. Differentiated epithelial cells may have a mitotic configuration in the lactating mammary gland [11] , thus proving that these cells are capable of in vivo proliferation. However, cell proliferation is very weak in the lactating mammary gland of the mouse [12] and cow [10] . A study performed in the cow at different stages of lactation and using three different techniques demonstrated that 0.3% of total cells proliferated, with the rate of proliferation varying little with the stage of lactation [10] . At present, we do not know to which cell types we can attribute this phenomenon. Cell proliferation in the mammary gland may involve stem cells, which retain the ability to divide indefinitely. Such cells have clearly been evidenced in the mammary gland of mice. Indeed, the experimental transplantation of portions of developing or lactating mouse mammary gland has shown that the gland is capable of fully regenerating itself [13, 14] . Similarly, a mammary gland can be entirely reformed from a single cell transplanted in adipose mammary gland tissue [15] . In the cow, a recent study demonstrated the presence of cells with the same histological characteristics as the stem cells described in the mouse (small, weakly stained cells), exhibiting a mitotic configuration [16] . These cells, declared as being epithelial cells because they possess desmosomes, are present in the bovine mammary gland at all stages of development and during lactation. In addition to these data on stem cells, further studies are necessary to understand how the mammary epithelium renews itself during lactation.
Death of mammary epithelial cells during lactation
Cell loss during lactation occurs through programmed cell death, also called apoptosis. This was first demonstrated during involution in mice [17, 18] . During lactation, only a small proportion of apoptotic cells are present at time t in the mammary gland. The proportion of apoptotic cells in the udders varies considerably, depending on the study, ranging from 2.4% [19] to 0.07% [9] in the cow (210-250 days of lactation) and less than 1% in the goat [20] [21] [22] at the end of lactation. The localisation of this process in the udder is controversial; indeed, some authors have sited it more particularly in the alveolar epithelium [19, 23] , while others have observed the presence of apoptotic cells in the stroma [21, 24] . One study showed that the distribution of apoptotic cells is heterogeneous. They are probably concentrated within specific alveoli, which are of a regressive type [21] . However, findings to date do not allow us to know whether cell death affects cells always after the same lifespan or if this phenomenon occurs at random.
Cell turnover in the mammary gland during lactation
Cell renewal in the mammary gland results from the dual phenomena of proliferation and cell death. Considering a proliferation rate of 0.3% and that of cell death of 0.56% per day, not varying during lactation, Capuco et al. [9] made the following calculation: if the cells which die are not those which have proliferated, then 92% of mammary cells are renewed during lactation. They estimated that if cells could die after proliferating under this hypothesis, then more than half of the cells could renew themselves during a lactation cycle of 240 days. However, these calculations are based on an estimated duration of apoptosis of 3 hours, and this has not been tested experimentally in the mammary gland. The lifespan of a mammary epithelial cell is yet to be calculated. Furthermore, secreting cells are lost through epithelial abrasion during milk ejection, because live mammary epithelial cells are found in milk ( [25] for a review). Once again, the relative importance of cell loss by evacuation in milk, compared with cell death through apoptosis, has not yet been elucidated.
Heterogeneity of the turnover and activity of mammary cells
Not only is there heterogeneity of cell distribution during apoptosis, but several studies have also demonstrated a heterogeneous functioning of the mammary gland. Through in situ hybridisation, a heterogeneous profile of expression of milk proteins within the mammary epithelium has been demonstrated in the ewe and cow [26] . Milk synthesis activity is not uniform throughout the udder. A histological study performed on mammary glands from lactating ewes and cows demonstrated the presence of specific alveoli containing cells with numerous vacuoles containing lipids and secreting vesicles. Within these alveoli, the lumen exhibited a high content in vesicles [21, 27] . This type of alveolus is frequently found in mammary glands after 10 days of involution, suggesting that these specific alveoli are no longer active for milk production. A study in the goat at the end of lactation also demonstrated the existence of two types of alveoli [24] . The first type was made up of clearly differentiated cells containing a rounded nucleus situated close to the basement membrane and apex of secreting vacuoles. The polarisation of these cells was thus evident, and they exhibited a high cytoplasm/nuclear ratio. They were clearly milkproducing alveoli. In contrast, regressing alveoli exhibited cells with a lower cytoplasm/nuclear ratio, an absence of secreting vesicles but the presence of large lipid droplets and occasionally a nucleus which had shifted towards the apical zone. These two relatively recent studies have made it possible to advance the hypothesis that alveoli may exist at different stages of evolution within the mammary gland. A study in the mammary gland of the elephant provides corroboration for this hypothesis. Indeed, the elephant is known for its extremely lengthy period of lactation, so that mammary tissue regeneration in this species raises several questions. Histological analysis of the mammary gland from this animal demonstrated the presence of different types of lobules containing alveoli at different stages of differentiation within lactating tissue [28] . A first type of lobule contained weakly differentiated alveoli containing cells with mitotic configurations, and a second type of lobule containing fully differentiated, milk-secreting alveoli. Finally, a third type of lobule exhibited alveoli containing apoptotic cells. Although this study was performed in a species whose lactation is particularly long, it suggested the possibility of a renewal dynamic for mammary tissue, which could regenerate itself thanks to the formation of new alveoli while other alveoli were beginning to involute.
Thus cell number and cell activity are modified during lactation. We do not understand all the mechanisms underlying these changes. It is, however, acknowledged that husbandry practices can affect milk yield. We review herewith some studies which have demonstrated how husbandry practices can modulate levels of cell activity and cell number in the udder.
HUSBANDRY PRACTICES CAN MODIFY THE ACTIVITY AND NUMBER OF MAMMARY EPITHELIAL CELLS
Genetic
A comparison of mammary glands in cows from different breeds (Hereford/Holstein) clearly demonstrated that the difference in milk yield (3.5/20.3 kg·day -1 ) could be explained by changes in the mass and functioning of parenchymatous tissue [29] . Indeed, dairy cows have higher levels of total DNA per udder and a higher number of cells per alveolus than beef cows. In parallel, the total quantity of RNA and the RNA/ DNA ratio is higher in Holstein cattle. Finally, the ability of mammary explants to secrete α-lactalbumin in culture is greater in dairy cows.
Diet
A study of the effects of diet was performed in heifers receiving feed containing 75% or 25% of concentrate during the first eight weeks of lactation. Histological studies showed that mammary cell proliferation was increased by 11% in animals receiving the high-concentrate diet. Although the rate of apoptosis did not vary significantly, it tended to increase [30] . The quantity of diet ingested could thus modify the number of cells in the udder, given that an increase in ingestion caused an increase in lactation persistency [31] . However, studies of the effects of diet have not always demonstrated any effects on mammary functions. Indeed, in cows receiving a diet deficient in amino acids, no changes were observed to the levels of total DNA, cell proliferation or the activity of key enzymes, whether at the beginning of lactation or at the end [32] , even though milk yields were modified.
Gestation during lactation
Most cows are gestating during some part of lactation. After 130 days of gestation, these cows generally produce less milk than non-gestating animals [33, 34] . Changes in milk yield appear to be associated with variations in the balance between apoptosis and proliferation since the number of mammary cells undergoing apoptosis and proliferation increased in pregnant lactating cows (reported by [9] ). The negative effect of gestation on milk production occurs towards the end of lactation, at a time when energy demands for foetal growth are increased. This effect coincides with an elevation of plasma oestrogen of foeto-placental origin. This hormone is known to have negative effects on milk production [35] . Moreover oestrogen, known to be involved in mammary development, could also modulate the activity of the mammary gland during lactation. Indeed, injections of oestradiol in mid-late lactating non pregnant cows for 4 days induced a reduction of β-casein mRNA level in the mammary gland without affecting the mRNA level of genes involved in mammary apoptosis [36] . Thus gestation could modulate both the activity and number of mammary cells.
Milking frequency
Increase in milking frequency
Increasing milking frequency from twice to thrice a day has been shown to increase galactopoiesis by 10 to 20% [37] [38] [39] . During the first two weeks after changing over to milking thrice a day, this increase may be accompanied by an elevation in the enzyme activities of ACC, FAS and GT per cell unit, in the goat [40] . Comparable results have been obtained in the cow milked four times a day [41] . However, after 12 weeks, no difference was seen in the enzyme activities of udders milked twice and three times a day. The short-term galactopoietic effect of increasing milking frequency appears to be due to a stimulation of cellular activity. In the longer term, the galactopoietic effect subsequent upon increasing milking frequency seems to be due to a growth of mammary tissue [40, 42] . Indeed, after being milked three times a day for 37 weeks, the increase in milk yield (+47%) seemed to be associated with an increase in mammary parenchymatous mass (+34%) and DNA levels in the parenchyma (+23%), without any changes in enzyme activity [40] . The rise in DNA levels after 37 weeks of treatment was associated with an increase in 3 H-thymidine uptake (+27%), thus demonstrating a stimulation of cell proliferation. In mammary explants from udders milked more frequently, more marked cellular longevity was observed [40] . Comparable results were obtained in cows milked four times a day. Indeed, the mammary tissues of cows milked more frequently exhibited a higher rate of DNA synthesis, associated with an increase in the number of mammary cells [41] .
Reduction in milking frequency
A reduction in milking frequency from twice to once a day has been shown to cause a 10-30% fall in milk yields in the cow and goat [43] [44] [45] . This was associated with changes in the mammary gland structure in the goat [21] . As in the case of increasing milking frequency, its reduction seemed to provoke changes in both cellular activity and cell number. In the cow milked at a rate of one quarter once a day and other quarters twice a day, ACC, FAS and GT enzyme activities were significantly lower in the udders milked only once a day [46] . In the goat, a trend towards a reduction in cellular activity has been observed [45] . Thus, in the goat, after 3 weeks of reducing the milking frequency from twice to once a day, a fragmentation of DNA was observed in the udder, which was characteristic of apoptosis [21] . Changes in the number of mammary cells during modifications of milking frequency were at least partly due to changes in the number of secreting epithelial cells within the alveoli. Indeed, after 23 days of differential milking in the goat (half an udder milked once a day and half an udder milked three times a day), the alveolar diameter was smaller and the number of epithelial cells per alveolus was lower in the halfudders milked less frequently [47] . Moreover milking frequency could modify the total number of alveoli. Two mathematical models explaining the effects of milking frequency on lactation are based on the principle of alveolar dynamics [48, 49] . One of them showed that milking frequency controls the alveolar population [48] . From the second model, they assumed that the senescence rate of alveoli is proportional to the number of quiescent alveoli present [49] .
Growth hormone treatment
Treatment with growth hormone (GH) is known to increase milk yield. After one week of treatment, GH was shown to transiently stimulate the expression of three milk protein genes [50] . This would help to explain why at the beginning of the treatment, a secreting cell adjusts its synthetic ability to allow an increase in milk yield. Studies have also been performed on the ability of GH to modify the number of milkproducing cells. The administration of GH causes an increase in the volume and/or mass of the udder in the cow and goat [47, 51, 52 ]. It appears that GH limits progressive cell loss, because after 22 weeks of treatment, the quantity of DNA remained constant in the udders of goats receiving growth hormone, while it diminished in control animals [52] . The effect of GH on the number of mammary cells could be explained more by a proliferative effect than by an effect on their survival. Indeed, at a late stage of lactation, it has been shown that GH stimulates cell proliferation in the cow [9] . Unlike the clearly anti-apoptotic effects of GH and IGF-I (mediating potential GH effects on the mammary gland), demonstrated in vitro [53] [54] [55] , GH does not cause any changes in the number of apoptotic cells detected by Tunel analysis in the mammary gland [20, 24] . At the end of lactation, growth hormone clearly increases mammary gland weight without having any significant effect on the number of epithelial cells in the alveoli, so that GH does not act in the same way as an increase in milking frequency [47] . Rather than acting on the number of cells in the alveoli and on alveolar diameter [47] , it appears that GH increases the total number of alveoli, and more particularly that of lactating alveoli [24] .
CONCLUSION
The studies referred to herewith clearly show that regulating the quantity of milk produced involves changes in the level of activity of mammary secreting cells, and also to the cell proliferation/death balance. It appears that changes in cellular activity may intervene at the beginning of the process, either at the initiation of lactation or early on during any changes in milking frequency or treatment with GH. Modifications to the number of mammary cells occur later and may have long-term effects on milk yield. It is now clear that the number of epithelial cells within an alveolus, the total number of alveoli and their differentiation status are key determinants of the gland's ability to produce milk. Descriptions of the effects of husbandry practices allow us to envisage different processes for mammary tissue regeneration during lactation. Indeed, milking frequency can modify the number of epithelial cells within an alveolus, while treatment with GH acts on the total number of alveoli.
It is not as yet clearly defined how mammary cell number declines during lactation. Does this involve the loss of cells within an alveolus, or the loss of entire alveoli? We also still need to understand the role of stem cells in the udder, and to characterise them in ruminants. Finally, it would be interesting to determine the lifespan of a mammary epithelial cell, which could provide valuable information on regulating the persistency of lactation. Characterisation of the parameters which regulate the persistency of lactation constitutes a major challenge for the milk production industry.
